The random-coil scaling of protein sizes (Flory, 1965; controversial observations, we examine thermally dede Gennes, 1979) was originally derived for polymers in natured states of experimentally characterized prowhich specific interactions were not considered. Howteins by using molecular dynamics simulations. For ever, proteins are heteropolymers for which specific inall studied proteins, we find that denatured states interactions between amino acids play an important role deed have strong local conformational bias toward and determine a unique native structure. Here, we native states while a random-coil power law scaling argue that while the scaling of the sizes of denatured of protein sizes is preserved. In addition, we explain proteins follows the random-coil scaling, as shown in why experimentally determined size of the protein experiments, it does not necessarily mean that the decreatine kinase does not follow general scaling. In natured proteins lack native-like structures. Under desimulations, we observe that this protein exhibits a naturing conditions, the specific interactions can still stable intermediate state, the size of which is consisplay the role of native conformational bias and retain a tent with the reported experimental observation. 
test whether there are changes in the distributions of Rg values at temperatures higher than T m due to insuffiHere, we aim to reconcile the seemingly controversial properties of denatured proteins, i.e., the random-coil cient sampling in the unfolding simulations, we perform equilibrium simulations at two high temperatures, T = scaling of their sizes and the presence of residual native structures. Inspired by the recent work of Fitzkee 1.1T m and T = 2.0T m , and study the distributions of the Rg values ( Figure 1B) . We find that the Rg distributions and Rose (2004a), who reproduced the random-coil scaling exponent by using a denatured protein model at these two temperatures are very similar; the higher temperature simulations sample protein conformations with fixed secondary structure elements, we examine denatured states of experimentally studied proteins by with slightly larger Rg values. However, the average Rg values computed from the distributions at the two temusing molecular dynamics simulations. We perform discrete molecular dynamics (Zhou and We study the scaling behavior of the Rg of denatured behavior of sizes as well as structural properties of destates. We set the interaction parameter at r = 1.0. We natured proteins induced by high temperatures. For all find that the Rg values of denatured proteins indeed of the studied proteins, we find that the denatured follow a power law dependence on the protein length states indeed have strong local conformational bias n; the points in the double-logarithmic Rg(n) plot are toward native states, while the random-coil scaling is aligned linearly (Figure 2A) . A power law fit yields an preserved. Our molecular dynamics study provides a exponent, n = 0.60 ± 0.01. To compare with expericonceptual reconciliation between residual native ments, we also present the experimental Rg values in structures and the random-coil scaling exponent of the the same plot ( Figure 2A (Figure 2A ). We hypothesize that the repulsion of the nonnative Gō parameter is r = 1 (see Experimental Procedures). In Figure 1A , we present the dependence of Rg on temcontacts is responsible for the larger dimensions of denatured proteins. In the unfolded states, the nonnative perature, T, in a slow unfolding simulation for protein 1FU6. There is a sharp transition of Rg at T = 0.94, where interactions are most likely to form because the total number of residue pairs is wn 2 , while the number of the mean Rg changes from 14 Å to approximately 35 Å. Thus, the transition temperature for 1FU6 is estimated native pairs is only wn (<<n 2 ). A strong repulsion imposed on nonnative contacts in computer simulations to be T m = 0.94. Using the same protocol, we estimate T m values for different proteins and list them in Table 1 . results in a large effective excluded volume of each amino acid, which increases the dimension of denaOnce the protein is denatured after T m (Figure 1A) , the radius of gyration has large fluctuations, while the tured proteins. To test this hypothesis, we study the dimensions of homopolymers with r = −1, an extreme average value remains stable as the temperature increases. This behavior is in agreement with the expericase in which a uniform attraction is assigned for all amino acid pairs. We find that homopolymers have a mental observation that Rg values do not change sig- We perform equilibrium DMD simulations with r values ranging from 0 to 1 and with an increment in r valHere, the subscript i corresponds to different proteins unues of 0.1. The transition temperatures for different r der study, and N is the number of proteins. Since lengths values ranging from 0 to 1 do not change significantly of some proteins are often different between experiments (data not shown). Therefore, we assume the same T m and available PDB structures (see Table 1 ), we use the for different r values as the T m for r = 1. To ensure that experimental interpolations of Rg values for these prothe proteins fully unfold, we calculate the average Rg values from equilibrium simulations at T = 2.0T m . For teins. Thus, for each value of r the rmsd of Rg is residue pairs in the denatured state generated from DMD simulations. In Figure 2D , we present the contact namics simulations. Our simulations suggest that denatured proteins follow the random-coil scaling sizes and To characterize the structural property of the intermediate state of 1QK1, we compute the contact frequency retain residual secondary structures akin those observed in the native protein states. Therefore, our map from the conformation ensemble from the DMD simulation ( Figure 3B ). We find that the intermediate model provides a conceptual reconciliation between two seemingly controversial views of protein-unfolded state of 1QK1 is partially unfolded, with the C-terminal half of the native structure still folded. We present the states: while proteins do obey a random-coil scaling, the fluctuations, leading to the formation of local intypical snapshot of the intermediate and native states of 1QK1 in Figures 3C and 3D, respectively. teractions in the unfolded states, are mostly compatible contact length, |i − j|, for all studied proteins. Here, the average <…> is taken over all contacts with the same length |i − j| from simulations at 2T m , where the proteins are fully denatured. We find that the <p(|i − j|)>s for different denatured proteins are strikingly similar ( Figure  4B ) and depend only on the contact length. It has been observed that the contact probability, <p ( formed secondary structures into the correct fold. In contrast, a random-coil model of the denatured state with those in native protein states. These local interacwithout residual native-like structures implies that a tions are favored for exactly the same reasons that they protein has to overcome an excessive entropy barrier are favored in the protein native states: among a numto form both the secondary and tertiary structures upon ber of possible contacts formed in the unfolded state, folding. The existence of persistent native-like secondthose contacts that are "natively engineered" to conary structures in the denatured state may also be retribute the most to the enthalpy of the protein native sponsible for the recent success of the protein strucstates dominate and follow Boltzmann distribution. ture prediction using small secondary structure segments In the denatured proteins, what is the physical origin derived from the Protein Data Bank (Bradley et al., of the random-coil scaling of their sizes along with the 2003). seemingly contradictory persistence of local strucUsing DMD simulations and the identified optimal tures? A random-coil scaling exponent, n = 0.6, can be parameter for native and nonnative interactions employed derived for an excluded volume random walk, originally in the DMD potential energy function, we propose an proposed by Flory (1965). We propose a coarse-grainapproach to generate conformational ensembles of deing process, which groups locally interacting amino natured proteins in agreement with experiments. Here, acids along the polypeptide chain into renormalized we use a coarse-grained representation of amino acids structural units (see Figure 4A ). This procedure reduces that lacks atomic details of unfolded conformations. a denatured protein to a renormalized polymer. In order Further all-atom reconstruction of the unfolded protein to perform the renormalization, we first calculate the conformations can be obtained by adding back the missing backbone and side chain atoms for each amino average contact frequency, <p(|i − j|)>, as a function of nell University Press).
